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Indirect Search with lceCube (Overview)

(Image: M.Strassler) IcCECUBE

Galactic
Center

Searching for DM-annihilations is%
low energy regime for IceCube.
(~10 GeV-TeV)

» Consider “extrema” to bracket
possible neutrino spectrum.

\x v,e'... e.g. hard (W*W-) and soft (bb) /
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Indirect Search with lceCube (Overview)

(Image: M.Strassler)

Dwarf spheroidal Galaxies:
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- lceCube-59 limits

Clusters of Galaxies:
- lceCube-59 limits
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"Local sources (Sun & Earth): )

- lceCube-79 limits
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- Specific models & Global fits
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50 m [
\ .7
1354
1450m | | :
% : '« 1.5km - 2.5 km deep S
i . .
__‘_/lDeepCore] . typically 125 m spacing
between strings (~70 m in
2450 m ' DeepCore)
N 60 Modules per string
) )
o] km3 — 1 Gton instr. volume/
Bedrock
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50 m

1450 m

(2 O(km) u tracks from vu CC 8

 O(10m) cascades from ve CC,
low energy vr CC, and vx NC

2450 m
2820 m

» Cherenkov radiation detected
by 3D array of optical sensors )

Bedrock
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Solar Dark Matter Search with lceCube

IcECUBE

\_

All processes depend on WIMP mass
Annihilation channel (branching ratios)

Annihilation cross-section

Capture (scattering)

— Scattering cross-sections (S & SD) ) | Y,

N , N
Details about Capture Process (e.q.):

Press & Spergel '85

Gould '88

Peter 2008

Sivertsson, Edsjo, PRD85 (2012) 123514

- C

Cann. = C

dN C

ann.

d t capt. -
%G total

capt.

Proposed by:

Silk, Olive & Srednicki '85
Gaisser, Steigman & Tilav '86
Freese '86

Krauss, Srednicki & Wilzcek '86
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Solar Dark Matter Search with lceCube '

IcECUBE

N . . )
 All processes depend on WIMP mass main analysis backgrounds:

« Annihilation channel (branching ratios) atm.u~O (10° triggering events/day)

- Annihilation cross-section atm.v~QO (103 triggering events/day)
- J

« Capture (scattering)
\ — Scattering cross-sections (S| & SD) )

oy . )
Striking signature:
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*Blind analysis with respect to true Sun azimuth
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lceCube-/9 string analysis details

IcECUBE

* Analysis for the whole year! Used 317 days livetime
*  With DeepCore, analysis reaches neutrino energies of 10-20GeV

151 days austral winter 166 days austral summer

‘Case 1 (WH): (Case2 (WL): (Case3(SL): |
— high energy — low energy — low energy
— Up-going — up-going — down-going
— no contain- — strong — strong

_ ment ) containment _ containment

/
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Multivariate analysis step (final cut applied)

10

Rate in Hz
S,

—i
Q
[e2]

1.5

0.5

(data/MC)

ICECUBE
. . dlataset WH (winter, higlh-energy) dataset SL (summer, low-energy)
e et Total Bg 7 | ;
F e e —_——_— T - _ _5 | —
- T, data 1107
| ﬂh"‘uﬁ - i
£ e S| '
| *e 1107 E
A :
| i?’tl 1T i
ll h31o7E :
| atm w . L atm ,VM # . . i
L 4+ -+
B - e ¥*+44"++-f i__p+q_p'qgﬂ+ﬂmh%-.rh B L i Sh bl bbbt Rt
' 0.05 ' 0.1 ' 0.15 ' 0.0 ' 0 ' 0.05 ' 01 0.15
BDT output score BDT output score
4 N\

1 separate BDT for each event selection

* Training on off-source exp. data + separate signal simulation

_ determine cut value with best sensitivity

* Optimized final cut on BDT-output: run llh-analysis for various BDT cuts;
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Maximum llh-analysis

IcECUBE
0.008] backgréﬁnd expectatlon from dat,a'
The observed angle to the ooor| f(¥|u) = (P)+(1— N )fbg( )
Sun is fitted with signal and 006 _:
background pdf:s 0005 J
%0.004 _-

S|gnal simulation (e.g. 1000 GeV)

% 05 1 15 2 25 3
¥ in radians

(Angle between event track & direction from the Sun)
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Maximum llh-analysis

-------------------------------

0.008 background expectation from data

ooor| f(W|u) = (¥)+(1- Nops )fbg( )

iy {..h Ii 1 ||-.' ﬁl

4] iy 1] 1l Il ol [ L5 i

i“ "| [ - e
TN

observation

The observed angle to the
Sun is fitted with signal and
background pdf:s

pdf in ¥

4 N
Evaluate shape fit with log-

likelihood rank (FC) to

construct Cl for the number of
S|gnal simulation (e.g. 1000 GeV)

signal events us

® 05 1 15 2 25 5
L(u) ¥ in radians
R(u) — £( A) _\ (Angle between event track & direction from the Sun)
(L
L(u) is the pdf product over \\‘ i =y hvev
\_.the final sample ) ThveVﬁ ThveVZH

(scale to multiple datasets)
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Unblmdmg results (observed results)

IcECUBE

Unblinded events in different samples Expected sens. vs. observed result
T T T T T ' ’ ’ I ’ v ’ '36I T | T T T T | T T T T | T T T T | T T T T T T

{ | - - - Expected (bb)
60 —}—hﬁ+ﬁ .......... REEEEEERES e Expected (W'W)*
+m+m --------------- f ---------- —e— Observed (bb)
40k i - —e— Observed (W'W)* —
I —+— [ + 16 expected

20} . [ ] +20 expected

—
80F  ataset WH (winter, high-energy)

1 L |

——— ———t———rt
8F dataset WL (winter, low-energy)

Events

t T t T T ; + + +
dataset SL (summer, low-energy)

10} — . ] ¢ (v form, <m, = 80.4GeV)
_41 | | | | | | | | | | | | | | | | | | | | | | | | |
------------------------------------------------------------------------------- 1.5 2 2.5 3 3.5
- + 1 Iog10(mx/GeV)

005 0092 0994  09% 0998 o details on systematic uncertainties,
cost¥) see PRL 110 (2013) 131302

a
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Solar WIMP search results (cross-section limit)

SI WIMP-proton cross-section limit

! |
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IcECUBE

SD WIMP-proton cross-section limit

T T T T T T T T T T T T T

! | [ ] MSSMincl. XENON (2012) ATLAS + CMS (2012)
\ DAMA no channeling (2008)

' - - - COUPP (2012)

Simple (2011)

Y —— - PICASSO (2012)
LN, ) e SUPER-K (2011) (bb)
PO —— SUPERK (2011) (W*W) -
Nt
[} AY
L\ N —
L RN

,,,,,,,
............

..............
aremt T et

--#-- |ceCube 2012 (bb)
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1 | 1 1 1
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"« most stringent SD cross-section limit for most models )
e complementary to direct detection search efforts
_ * different astrophysical & nuclear form-factor uncertainties |
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Galactic Dark Matter searches (iceCube-79)

Ve ~ ICECUBE

« Searching for neutrinos from self-annihilating WIMPs in the GC
« WIMP masses between 30 GeV and 10 TeV
79 string configuration of IceCube (320 live days of 2010 - 2011)

(equatorial coordinates) up

down
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Galactic Dark Matter searches (iceCube-79)

s

« Searching for neutrinos from self-annihilating WIMPs in the GC
« WIMP masses between 30 GeV and 10 TeV
79 string configuration of lceCube (320 live days of 2010 - 2011)

~ ICECUBE

4 N

2 independent analyses:

Low-Energy (m , < 300 GeV)
High-Energy (m , > 300 GeV)

. Identitying starting events opens
up the Southern Sky for IceCube

\_

/

High energy
fiducial volume

Low energy /'
fiducial vQidme
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Galactic Dark Matter searches (iceCube-79)

s

« Searching for neutrinos from self-annihilating WIMPs in the GC
« WIMP masses between 30 GeV and 10 TeV
79 string configuration of lceCube (320 live days of 2010 - 2011)

~ ICECUBE

-

2 independent analyses:

Low-Energy (m , < 300 GeV)
High-Energy (m , > 300 GeV)

« Both analyses rely on veto

~

. Identitying starting events opens
up the Southern Sky for IceCube.

<

methods to reject incoming tracks.

High energy
fiducial volume

Low energy- .
fiducial voldme
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Galactic Dark Matter searches (iceCube-79)

— |C22 Halo ICECLIBE
(lceCube results shown ~— 1C40 GC

fOF NFW profile) «—e Fermi Dwarf galaxy

+0 L " IceCube Preliminary Q
Lo ............................................. X—=pt T 1

10722 E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _

> Fermidata® ]

o v [emis™t]

PAMELA data’

10724 e o ?

. ,Tint,erpret,éd,,for, DM [Meade et al. (2010)]...

10260 ... e
10° 10° 10° 10*
mX[GeV]

~“natural'scale

Search for many interesting T T S
, L vv, uuw, Tt, WW, bb
potential annihilation channels: X 00 o
(Various DM-Halo models tested ) L7, LY
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Galactic Dark Matter searches (iceCube-79)

@
~— |C22 Halo IcECUBE
(IceCube results ShOWﬂ — |C40 GC —e |C79 GC LE sensitivity
i =-= |C79 GC HE sensitivity
fOF NFW proflle) «—e Fermi Dwarf galaxy
18 | AL AR
10 0 S Icecubeprellmlnary ............ :
. 1020 NG
lU')
S
=,
i:J: ;E __________________________________________________________________________ ................................................ = Fermidata’ é
e c : PAMELA data ]
10724 o S -
- ~hatural scale ........................................................ T.interpretéd.for..DM..[M.eade..e.t..a.l...(.201.0)]..... i
10726 N Y R 3
10" 10° 10° 10*
m, [GeV]
IceCube-79 Galactic Center analysis (sensitivity):
« First IceCube analysis looking at GC for low WIMP masses (< 100 GeV)
« Up to 4 orders of magnitude improved sensitivity @ 100 GeV
« Unblinding is going on within the collaboration
12/09/13
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Galactic Dark Matter searches (iceCube-79)

o
—e |C22 Halo ~—e |C79 Halo IcECuUBE
. =-= |C79 GC HE sensitivity
fOf NFW proflle) ~—e Fermi Dwarf galaxy
_18 T T T T T 1T I T T T T T T T I l. .I T T T L
C ‘ + - ]
. 10'20 .......................................................................... T N ........................................................................ ]
I C | ;
COE E
E{j ;E ________________________________________________________________________________________________________________________ - Fermidata® é
- i | PAMELA data’ -
1024=€ T~ P g
- ~hatural scale ....................................................... *interpretedforDM[Meadeetal.(2010)]3—
10-26 1 1 1 1 1 1 111 I 2 1 1 1 1 1 111 I 3 1 1 1 1 1 1 1 4
10 10 10 10
m, [GeV]
~

 focus on large scale anisotropies (I<100)
« small Halo-model dependency
* results are compatable with the background-only hypothesis

IceCube-79 Multipole analysis to search for Dark Matter in the Galactic Halo:

12/09/13 Matthias Danninger | TAUP 2013
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Galactic Dark Matter searches (iceCube-79)

(lceCube results shown
for NFW profile)

IC22 Halo

IC40 GC

IC59 Dwarf galaxy stacking
IC59 Virgo cluster (subhalo)

[

.
¢

*—e

*—

- -u

*—

IC79 Halo

IC79 GC LE sensitivity
IC79 GC HE sensitivity
Fermi Dwarf galaxy

IcECUBE

natural scale

IceCube Preliminary
XX =

IIIIII|,|,| 1 IIIII|,|,I_|_

Fermi data’

PAMELA data

Tinterpreted for DM [Meade et al. (2010)]

IIIII|_|_|,| IIIII|_|_|,| IIIII|_|_|,| L il

-26
1026 —

102

103 10*

m, [GeV]

IceCube-59 Dwarf galaxy searches:

« Source stacking analysis
»  Optimized size of search window

IceCube-59 Galaxy cluster analysis:

* Extended point source search
«  Optimized size of search window
 Substructures taken into account

J

12/09/13
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Heavy Dark Matter

o)

lceCube has reported 2 high-
energy cascade events in 2 years
of IceCube 79 + 86-string data

e consistent with ve interactions at
about 1PeV

* reported events are intriguingly
close in energy

~

%

Could this be dark matter ?

> B. Feldstein, A. Kusenko, S. Matsumoto, and T.
Yanagida PRD 88 (2013) 015004
> A. Arman and P.Serpico arXiv:1308.1105 (2013)

4 Possible evidence:

e 2.4PeV Dark Matter Particle mass
e Flux can be related to lifetime T pwm

™~ 19N, x 10% s
Models:

* Singlet fermion in extra dimension
* Hidden Sector Gauge Boson
* Gravitino Dark Matter

\

N

J

addltlonal PeV event in IC86-11 (ICRC2013) '55CH8E

® ..6.‘..00 =

PRL 111, 021103 (2013)

Line signal

10—16.

-—
|

n

o

Flux (cm=2 s~ sr!' GeV-1)

10-%4

104 10° 108
Neutrino Energy (GeV)
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Heavy Dark Matter

o)

e consistent with ve i
about 1PeV

* reported events arg
close in energy

Could this be da

> B. Feldstein, A. Kusenko, S. Ma
Yanagida PRD 88 (2013) 01500
> A. Arman and P.Serpico arXiv:1

4 Possible evidence:

e 2.4PeV Dark Matte
e Flux can be related

1.9

Y

TDM
Models:

lceCube has reported 2 high-
energy cascade events in 2 years

of lceCube 79 + 86-

string data

lceCube bound on lifetime ~10%7s

10°8

—

o
N
(o))

Lifetime 1 [s]

* Singlet fermion in ¢xtra
* Hidden Sector Gayc

e =) DI\PI‘\V\

Phys.Rev.D84:022004,2011

Halo Uncertainty
x — vv Einasto ——

111,021103 (2013)

>

m, [GeV]

G(/ (/700

Line signal

Pa— '
104

10°

\

e Gravitino Dark Matter

)

106

Neutrino Energy (GeV)

® ..ao‘o... =
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Summary

Striking WIMP signatures provide high discovery potential for
indirect searches with v, complementary to searches using other
astrophysical messengers & direct detection searches

DeepCore plays crucial role in IceCube Dark Matter analyses

lceCube provides most stringent limits on the SD-WIMP-proton
scattering cross section for most WIMP models

Clever new ideas for detection channels and sources spur new
analyses = current detectors acquire fresh data

Future detectors with lower energy thresholds will probe region of
parameter space made interesting by direct detection experiments

12/09/13
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IcECUBE

Additional slides
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Galactic Dark Matter searches (iceCube-79)

IcECUBE

2D skymap PDFs generated with healpix

(equatorial coordinates)

scrambled background signa

up-going

________________

down-going

Galactic Center @ 266° RA; -29° Dec
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Galactic Dark Matter searches (iceCube-79)

—PRD 76, 123506 2007)

T
103E — Moore
1 ,f — NFW
A 0 g — Kravtsov
E -
G 10E
> r
O 1
O,
a 10
102 ~8kpc:
Dark Matter density profile
| L Lol L ool L ool L Lo
107 10" 1 10 10°
r [kpc]
= , —_—
inner halo outer halo
106 T T rTTT T rrTTTTT T TrrTTTr =

10° J(P) E
¢ 10* JAQ 3
<
2 0°
Y
5 10°

1 llll lll[

1 10 ) 11102
Space angle ¥ [deg]

IcECUBE
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Galactic Dark Matter searches (iceCube-79)

©
~—e |C22 Halo ~—— 1C79 Halo IcECUBE
(lceCube results shown ~— 1C40 GC ~— IC79 GC LE sensitivity
»-- |C59 Dwarf galaxy stackin -« |C79 GC HE sensitivity
f Fermi Dwarf galaxy
M) N - - N N3 . - |. 'I T T T T 1 j
 Preliminary 3
10'23 - Silverwood et al 2013 e 3
1044+ ] ]
: 10-25 1 o _ -
S w 107 | o _ b
=7 107 :
= & 7
=L 107 -+ . Fermidata’ ]
% ) ]_0'29 . data’ :
—_ ~ 30 E
2 c 107} ¥ - :
(@] _8 10-31 1 'JI' i for DM [Meade et al. (2010)] E_
= 9 ® Not excludable E
E n ]-0-32 B . lo excludable 7] 1 1 T B | |_
5 @ 1033} ® 3exciudable | 3 10%
% o 34 ® 5o excludable
O 1034} . B -
- 35 mes Fermi-LAT dSph Limit, bb, 2011 N
10°°} g e i ,
k 10-36 Fermi-LAT d.S.p.hl Limit, 777, 2011 N o Q Galaxy CIUSter analySlS.'
1 2 3 4 .
. 10 10 | 10 10" ] point source search
. Lightest neutralino mass m, (GeV) sed size of search window
§ ——Substroctures taken into account
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Multivariate analysis step (BDT variable)

@
IcCECUBE
event selection WL (winter, low energy) dataset WL & WL(b) (winter, low-energy)
10—2 | | | ! | T ! I T T T T T —] 10—4 - T T T -
= A = E ey E
- data 3 F T e, :
10° - = - — ¥y I
- 1 10°F = le, E
T10‘E - Tt :
S . - o - ’
c F 3t i L :
105 ¥ S N *ﬁ? - .
T = : P 107 EEERRRRE IR IS O E
- signal (scaled) :,. = - RERRERE H‘-ﬁ ]
10° i AERERERE f L ]
atm. v ERERERES L4
107 F EERREEEE #" E
107 A | ; | -
o 2 2+ +
z Ll e T GRS OR S + P
_g ***++‘ . O B ) . ) i
= 0.6 04 02 0 0.2 0.1 0.2 0.3
BDT output score BDT output score
- 1 separate BDT for each event selection h
> training on off-source exp. data + separate signal simulation
- J
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lceCube-79 string analysis details

— Different event topologies require different selection

IcCECUBE
{ criterias to be efficient.

151 days austral winter

« Split data into a winter-high
energy (WH) and winter-low
energy (WL) event
selection.

— WL events are DeepCore
dominated (more hits in

DeepCore)

4 ) 4 )
Case 1 (WH): Case 2 (WL):
— high energy — low energy — Split corrects for higher
— up-going — up-going photocathode density in
— no contain- — strong DeepCore

N Y, N _ Y,

\\ ment containment /
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lceCube-79 string analysis details

IE:ELIE
— Different event topologies require different selection
criterias to be efficient.

-

1561 days austral winter

/

atmnsnheric netitrinn flirx exn
T T T | T T T T | T T T T ] T T
« WH

« Split data into a winter-high
energy (WH) and winter-low
energy (WL) event
selection.

|

104

%
:
$
.

o]
o
¢¢
.
.
Lol

TG T
o

. - o . — WL events are DeepCore
10 dominated (more hits in
DeepCore)

Rate in Hz

| IIIIIII|
| IIIIIII|

° — Split corrects for higher
photocathode density in
DeepCore

—
S
»

-
IIII|

.
.
|

&
.
L1

| 1 1 1 1 | 1 1 LGy | |

— 2 3
\ log10( E / GeV)

(&)

.
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